We investigated the thickness-driven spin-reorientation transition (SRT) between in-plane and perpendicular easy axes in ultrathin magnetic films. Coherent rotation model calculations show that one can distinguish transition pathways via a canted state from those involving a state of coexisting phases by utilizing magnetic susceptibility measurements. Surface/interface anisotropy constants and the influence of external fields on the SRT are also explored. Quantitative agreement between the experiment and our model is shown for the Co/Au(111) system.
I. INTRODUCTION
Ultrathin magnetic films have been intensively studied for fundamental and technological interests in the last several decades. Magnetic anisotropy is one of the main topics in this field as it governs the sample magnetization orientation. When the film thickness (t) is in the ultrathin region, the surface/interface contribution to its properties may become dominant and lead to novel phenomena, such as enhanced anisotropy and change of the easy axis of magnetization, i.e., the spin reorientation transition (SRT). The SRT can be induced by a change of temperature (T) or t. The t-driven SRT is of special interest due to its impact for high-density magnetic data storage. [1] [2] [3] The SRT proceeds from perpendicular to in-plane magnetic spin orientation with increasing t in Fe/Cu(001), 4 Fe/Ag(100), 5, 6 Fe/Au(001), 7 and Co/Au(111) (Refs. 2 and 8-12) systems but is opposite for Ni/Cu(001) system, proceeding from in-plane to perpendicular spin orientation with increasing t in the monolayer range. 13, 14 Magnetic susceptibility, defined as v ¼ dM=dH, where M is the magnetization and H is the applied magnetic field, has been widely used to explore the Curie transition at temperature T c between ferromagnetic and paramagnetic phases. 15 This transition features a pronounced susceptibility peak that can be readily detected via a field-modulation technique. The magneto-optical Kerr effect (MOKE) has been used to probe v for ultrathin films 16 and has been extended to investigate the temperature-driven SRT. 17, 18 In particular, we focus on the study by Pütter et al. 19 of the thickness dependent SRT for Co/Au(111) monitored during film growth via MOKE v measurements. They reported an interesting observation that v exhibits two peaks when the ac modulation field is applied perpendicular to the sample plane, while only a single broad peak with the in-plane ac field. 19 A quantitative understanding of this observation, however, is absent.
To unveil the mechanism underlying this intriguing observation, we calculate v in the vicinity of the SRT with increasing film thickness utilizing the coherent rotation model. We find that one can distinguish transition pathways involving a canted state from those involving a state of coexisting phases. Our calculations also show that one can readily extrapolate first-and second-order surface anisotropy constants from the peak positions in v. From a fitting of vcurves, one can obtain the evolution of the ratio between perpendicular and in-plane components of M across the SRT through the coexistent region. With additional dc bias field, one can also estimate the in-plane magnetic anisotropy constant. The feasibility of the calculations are demonstrated for the well-known Co/Au(111) system, where good agreement is obtained.
For an ultrathin film, the free energy F A can be simplified by neglecting the in-plane anisotropy:
whereK 1 and K 2 are first-and second-order thickness-and temperature-dependent anisotropy coefficients, and h is the angle between the surface normal n and the direction of M. K 1 contains the shape anisotropy:
The energy phase diagram has been described by Millev et al. 20, 21 To elucidate the SRT-induced behavior of v, we summarize their main results. Minimizing the free energy with respect to h yields three solutions for the equilibrium angle sin 2 ðh eq Þ ¼ 0; 1, and ÀK 1 =2K 2 , correspond to vertical, in-plane, and canted phases, respectively. The vertical phase is stable forK 1 > 0, the in-plane phase is stable for K 2 < ÀK 1 =2, and the canted phase forK 1 < 0 and K 2 > ÀK 1 =2 (see Fig. 1 ). The most interesting feature of the anisotropy space is that there is a region where the vertical and in-plane phases can coexist. It is located in the fourth quadrant, withK 1 To investigate the thickness-driven SRT quantitatively, the dependence of K i on the magnetic film thickness t is needed. The most widely used phenomenological ansatz for the separation of volume and surface contributions was proposed by Gradmann, 11, 22, 23 as
where the subscript b is for bulk and s is for the surface and interface contributions to K 1 and K 2 . Within the framework of "anisotropy flow", 11, 20, 21 one can describe a t-driven SRT by plotting the trajectory fK 1 ðt; TÞ; K 2 ðt; TÞg T¼const: in ã K 1 À K 2 diagram. The diagram identifies three generic cases depending on the sign of K 2 at the transition. The transition from vertical to in-plane magnetization occurs via a continuous canting of M when K 2 > 0 (e.g., linear trajectory AD in Fig. 1 ), or it directly changes from the vertical to the in-plane direction when K 2 ¼ 0. The third situation is for K 2 < 0, where the transition proceeds via a state of coexisting phases (e.g., linear trajectory EH in Fig. 1 ).
For the Co on Au(111) system, two opposing results have been reported. Allenspach et al. 8 and Popov et al.
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reported that the SRT takes place by a continuous rotation, while Oepen et al. 11 and Ding et al. 12 provided evidence for a state of coexisting phases. We performed vðtÞ calculations utilizing the coherent rotation model and find that the two kinds of SRT can be distinguished. We also demonstrate that the surface anisotropy constants can be extracted from the positions of peaks in v.
The paper is organized as follows. In Sec. II, a generalized representation is given of the thickness-driven SRT utilizing dimensionless parameters. We show that vðtÞ behaves differently depending on whether the SRT pathway is via a canted state or a coexistent state. In Sec. III, we apply our model to the Co/Au(111) system and clarify the debate about the transition pathway. Knowing the bulk anisotropy constants for Co, the surface anisotropy constants for Co/Au(111) can be estimated from the peak positions of v. We also discuss the influence of the in-plane anisotropy of Co and of external fields on SRT. Finally, a summary of the main results is presented in Sec. IV.
II. GENERALIZED REPRESENTATION OF SRT
In a measurement of v, a small modulation field is applied. The response depends on the orientation of the modulation field. We will discuss the cases for an ac field applied in either perpendicular or in-plane direction. First, we discuss the case in perpendicular applied field (H ? ). The free energy can be written as:
where DH is the ac modulation field. The perpendicular and in-plane susceptibilities can be defined as:
The measured v-signal depends linearly on the total magnetic moment. In ultrathin films, it is almost proportional to the film thickness. 25 In our calculations, dimensionless parameters are adopted to represent the SRT pathway proceeding via a canted state or coexistent state:
In the calculations within this section, M is set to 1, and DH ¼ 0:001. In the vicinity of the transition point, the angle dependent energy exhibits a nearly flat minimum. Therefore a small ac field will cause large oscillation of the direction of M, leading to a pronounced peak in v. Fig. 1 ). In the preceding text, we assume that the whole sample is in a single domain state. However, near the SRT, a multi-domain state is commonly found. 8, 9, 11, 26 Thus we consider two oppositely tilted domains, magnetized along h 0 and Àh 0 , respectively. Applying a field along n causes M to tilt, i.e., M for both domains rotate toward n. In such a case, v ? remains in the n direction while v ¼ is balanced by domains with opposite horizontal components. Therefore when the ac field is applied along n, only v ? is detectable for the SRT via a canted state, and there is only a single peak. positive (DH) or a negative (ÀDH) perpendicular field. As a result, v ¼ 0 during this evolution. Therefore we focus our discussion on v ? . In the coexistent state, both in-plane and perpendicular magnetic domains can exist. For simplicity, we discuss two extreme situations, where M is either in fully perpendicular (line up in Fig. 2(b) ) or fully in-plane state (line down in Fig. 2(b) ). The measured v is a superposition of both situations. One can find that both cases show a single peak at a distinct thickness. The peak at t F ¼ 0:6 represents the emergence of the in-plane component of M (point F in Fig. 1) , while peak at t G ¼ 1:0 represents the disappearance of the vertical component of M (point G in Fig. 1 ). The experimentally detected v is a superposition of these two in Fig. 2(b) . So if the proportion of in-plane to vertical magnetization in the coexistent region is proportionate, a double peak in v is expected.
When the ac field is applied within the sample plane (H ¼ ), the free energy can be written as:
Similar to the preceding discussion, the perpendicular susceptibilities of the two kinds of SRT can be neglected when the ac modulation field is applied within the sample plane. We now summarize the main features of the two kinds of t-driven SRT. For a SRT via a canted state, a single peak is expected under vertical or in-plane ac fields. They appear at different thicknesses representing two boundaries of the canted phase. When the bulk anisotropy constants are known, one can use these two peak positions to estimate the surface anisotropy constant according to Eq. (3). For a SRT via a coexistent state, if the ratio of in-plane to vertical magnetization is suitable, both susceptibilities in ac modulation fields oriented within or perpendicular to the sample may exhibit two peaks. The two peaks appear at the same thicknesses for the modulation field applied in both perpendicular and in-plane directions. They represent two boundaries of the coexistent region. Similarly, one can use these two peak positions to estimate the surface anisotropy constant as is discussed in the following text. Here we note that we mainly macroscopically discuss the systems with the possibility of forming magnetic domains. The detailed domain structures, such as the stripe domains, may also influence the susceptibility. This influence, however, can be neglected if the domain size is considerably larger than the domain wall width.
The SRT can be influenced by the externally applied field. 21, 27 When a dc bias field is applied, the peaks in v can appear at different t-values as is observed experimentally. 19 The bias field will favor the different phases according to the direction in which it is applied. For example, the two boundaries of the coexistent region shift toward the original inplane/perpendicular region of M under a perpendicular/inplane bias field, respectively. Interestingly, one boundary shifts more quickly than the other, and the coexistent region becomes narrower with increasing bias field. The shift of the boundaries by the external field was calculated by Millev et al. 21 The two boundaries of the coexistent region in horizontal field can be calculated utilizing ð2K 1 þ 4K 2 Þ ÀHM ¼ 0 and 8K
¼ 0 are equations for obtaining the two boundaries under a perpendicular field. When the applied dc bias field is large enough, one of the phases can become unstable causing the state of coexisting phases to disappear, and then only a single peak in v is expected. For K 2 > 0 (SRT via a canted state under zero bias field), the positions of the peaks in v ? and v ¼ will also collapse into the same thickness when the bias field is strong enough.
III. APPLICATION TO THE CO/AU(111) SYSTEM
In last section, we provided a general description of the t-driven SRT. Now we apply our model to the well-known Co/Au(111) system. In the experimental measurements, spolarized light is used to minimize the influence of the transverse Kerr effect. 12, 19, 28 In this case, we only need to calculate the polar and longitudinal susceptibility (i.e., v ? and v ¼ discussed in last section) in our simulations. In the experiments, v was found to exhibit peaks at 4.18 monolayer (ML) and 4.39 ML when the ac modulation field was applied along n, while a broad peak was detected at 4.39 ML under an inplane ac field. 19 Based on the preceding discussion, one can conclude that the t-driven SRT in Co/Au(111) proceeds via a coexistent state as a double-peak in v ? is observed. The fact that the peak in v ¼ at 4.39 ML is coincident with one of the peak positions in v ? provides additional evidence for the pathway being via a coexistent state. The two peaks in v ? represent two borders of the coexistent region (points F and G in Fig. 1 ). The broad peak in v ¼ most likely is a superposition of these peaks. With the boundary conditions described above, we can write down the equations for peaks F and G as:
For Co/Au(111), 1 ML % 0:2 nm. 2 We further take the bulk values for hcp Co at room temperature, which are Furthermore, if the proportion of in-plane/vertical in M components in the coexistent region is available, a quantitative comparison with experimental results can be performed. As an attempt, we first assume that the in-plane M increase linearly with t in the coexistent region. Following the experiments, the ac fields H ¼ and H ? are chosen as 0.12 and 0.05 mT, respectively. Figure 4 shows the calculated vðtÞ. v is given in units of ML/mT. To compare with the experimental values, this should be multiplied by the sensitivity according to the technique that used. The calculated v for H ? has peaks at 4.19 and 4.39 ML, while only one broad peak at 4.39 ML is observed for H ¼ . The main features of our calculations agree well with experiment. One can also fit the calculated results with the real measurements. This may give information about the occupation of different components of M (perpendicular and in-plane) in the coexistent region.
To further check our model, we consider the influence of external fields on vðtÞ across the SRT. By adding an inplane dc magnetic field, we performed similar calculations as described in the preceding text. In the calculations, the ac modulation field (0.16 mT) is applied perpendicular to the sample plane to simulate the experimental configuration. The in-plane magnetization is again assumed to increase linearly with the film thickness. The calculated results are shown in Fig. 5 . With increasing the in-plane dc bias field, the SRT shifts to lower thickness in comparison with the zero-field configuration. Both susceptibility curves under 50.8 mT/111.3 mT show two peaks with narrower separation. The separation decreases and the peak intensities increase with increasing bias field. The calculated results reproduce the experimental findings, i.e., the SRT shifts to lower thickness and the peak intensity increases with increasing the in-plane bias field. The deviation in peak numbers (two peaks in the calculation and one peak in the experiment) may come from the linear assumption we adopted for the magnetization proportionality in the SRT region. The applied dc magnetic field can influence the magnetization proportion. When we slightly modified this proportion, the peak at t F can disappear, while the peak at t G is less sensitive.
We also list the calculated critical film thicknesses, both t F and t G , in different external fields, and the experimental values in Table I . They are in good agreement. The deviation may come from the experimental error margin (0.07 ML) 19 or the assumptions we adopted for the calculation, for instance, neglecting the in-plane anisotropy. When we include the six-fold bulk in-plane anisotropy at room temperature, 6:0 Â 10 3 J=m 3 , 30 better agreement is achieved with the experimental values. The peak positions at t G are shifted to 4.12 ML and 3.86 ML in 50.8 mT and 111.3 mT bias field, respectively (see Table I ). The analysis is presented in the following. Now we discuss the influence of an in-plane anisotropy on SRT. For a hexagonal crystal such as Co(0001), the anisotropy energy can be expressed as:
cosð6/Þ; (9) where h is the angle between the M and the hexagonal axis (for Co/Au(111), it is n), and u is the azimuthal angle of the M. 31 K 3 represents the sixfold in-plane anisotropy constant. When the in-plane anisotropy is included, the equations for the two boundaries of coexistent phase become:
This suggests that the in-plane anisotropy can influence the boundary between the vertical and coexistent state (t F ) but not that between the in-plane and coexistent state (t G ). Therefore the value of K 1s ¼ 7:21 Â 10 À4 J=m 2 remains the same as that obtained without considering the in-plane anisotropy. To obtain the values of K 2s and K 3 , one more independent equation is needed. The peak position shift caused by the dc in-plane bias field can provide such an equation. This is because the in-plane anisotropy can be considered as an effective in-plane field. When both the in-plane dc bias field and the in-plane anisotropy are included, it is difficult to obtain analytic solutions. However, numerical calculations can be readily performed. Experimentally, the in-plane field is along the in-plane hard axis. 12, 19 We adopt this configuration in the calculations. With a peak position (assumed as t G ) of 4.11 ML for the dc bias of 50. 8 
IV. SUMMARY
We investigated the susceptibility character of the thickness-driven SRT utilizing the coherent rotation model. We find susceptibilities behave differently for the reorientation transition via a canted state or a coexistent state with increasing film thickness. Also one can extract anisotropy constants from the susceptibility peak positions. When we apply the model to Co/Au(111), we find the thickness-driven SRT in this system proceeds via a state of coexisting phases. The first-and second-order surface/interface anisotropy constants and in-plane anisotropy values obtained are in good agreement with estimates by others. 
